Abstract. Mortar microstructure is considered as a three-phase composite material, which is cement paste, fine aggregate and interfacial transition zone. Interfacial transition zone is the weakest link between the cement paste and fine aggregate, so it has a significant role to determine the properties of cementitious composites. In this study, specimens (w/c = 0.35, 0.45, 0.55) with various volume fractions of fine aggregate ( f V = 0, 0.1, 0.2, 0.3 and 0.4) were cast and tested. To predict the equivalent migration coefficient ( e M ) and migration coefficient of interfacial transition zone ( itz M ), double-inclusion method and Mori-Tanaka theory were used to estimate. There are two stages to estimate and calculate the thickness of interfacial transition zone ( h ) and migration coefficient of interfacial transition zone ( itz M ). The first stage, the data of experimental chloride ion migration coefficient ( s M ) was used to calculate the equivalent migration coefficient of fine aggregate with interfacial transition zone ( e M ) by Mori-Tanaka theory. The second stage, the thickness of interfacial transition zone ( h ) and migration coefficient of interfacial transition zone ( itz M ) was calculated by Hori and Nemat-Nasser's double inclusion model. Between the theoretical and experimental data a comparison was conducted to investigate the behavior of interfacial transition zone in mortar and the effect of interfacial transition zone on the chloride migration coefficient, the results indicated that the numerical simulations is derived to the itz m MM ratio is 2.11~8.28. Additionally, thickness of interfacial transition zone is predicted from 10 m  , 60 to 80 m  , 70 to 100 m  and 90 to 130 m  for SM30, M35, M45 and M55, respectively.
Introduction
One of the major deterioration problems of concrete structures to threat the concrete durability and cause corrosion of reinforced steel is chloride ion; especial structures are in deicing salts conditions or coastal marine environments. For diffusivity ability of concrete, it is regarded as significant index that observes the service life of reinforced concrete structures (Martin-Perez et al. 2003) . Meijers et al. (2001) described that complicating of the ingress of chloride ions is caused by the different influencing factors and transport mechanisms, such as heat, moisture and chloride Corresponding author, Professor, E-mail: ccyang@mail.ntou.edu.tw 1a Ph.D., E-mail: hannahgirl1102@gmail.com ions transport. Meijers et al. (2001) also developed a finite element modelby three coupled equations. To investigate chloride diffusion into concrete, the effect of w/c ratio, hydration degree, volume fraction of aggregate, distributing of aggregate particle size, thickness of interfacial transition zone, and air content have to be considered. Parrot and Killoh (1984) described that the hydration of cement particles influenced hydration degree of ITZ and matrix, and developed a model by hydration process and reaction rates. Bentz et al. (1998) pointed out the three chief influences on the concrete diffusivity, which were w/c ratio, hydration degree, and volume fraction of aggregate. Shah (2000) also explained that four effects to influence the hydrated cement paste by various aggregate content, which were dilution, tortuosity, interfacial transition zone (ITZ) and percolation effects. Yang and Su (2002) used accelerated chloride migration test (ACMT) to regress analysis and estimate the chloride migration coefficient of mortar at various aggregate content, then obtained the approximate chloride migration coefficient of interfacial transition zone ( itz M ). From above-mentioned references, degree of chloride penetration was a key parameter to predict the influence of individual components of the cement-based materials for concrete structures.
In the mortar, the sand particles are surrounded by hydrated matrix, and the interfacial layer of sand particles has various microstructures whose layer has higher concentration of calcium hydroxide crystals (CH), of errtingite and an increased porosity (Simeonovand Ahmad 1995) then bulk matrix. Thus, the interfacial layer that surrounds the sand particles is called interfacial transition zone (ITZ). Mortar microstructure is delineated by athreephase composite sphere assemblage, which is cement paste, fine aggregate and ITZ (Dridi 2013) . Asbridge et al. (2002) obtained that the ITZ is more porous than the bulk matrix at lower water/binder ratios in Portland cement specimens, and the microhardness of the ITZ is 22% and 18% lower than the bulk matrix at a water/binder ratio of 0.4 and 0.5, respectively. Lyubimova and Pinus (1962) estimated microhardness gradients from aggregate to ITZ and cement paste, the result of micro-hardnessisderived decreased within 100 m  from the aggregate surface. Therefore, some researchers pointed out the ITZ are the weakest link between the cementpaste and aggregate, so it has a significant role to determine the properties of all cementitious composites (Ulrik Nilsenand Monteiro 1993, Akçaoğlu et al. 2004 Akçaoğlu et al. , 2005 . In the study of ITZ, Bentur and Alexandder (2000) , described that factor of engineering properties of cementitious materials influenced the thickness the existence of ITZ. This weak faces of ITZ, which deeply affects the characteristics of mortar such as strength, permeability and durability, must be considered in the three-phase modeling of mortar to capture more realistic behavior of mortar (Lee and Park 2008) . In this paper, to consider the three-phase modeling (cement paste, ITZ and fine aggregate) of mortar and predict the equivalent migration coefficient ( e M ) and migration coefficient of ITZ ( itz M ), double-inclusion method (Nemat-Nasser and Hori 1993) and Mori-Tanaka theory (Mori and Tanaka 1973, Yang 1998 ) were used to estimate; Between the theoretical and experimental data a comparison was conducted.
Experimental program
In this study, specimens were made of ASTM Type I Portland cement, water, and fine aggregate. The fine aggregate passing the No. 3/8" sieve and retained on No. #100 was used. For mixes, the water/cement ratio is 0.35, 0.45 and 0.55, respectively. In order to investigate the effect V ), the range is selected from 0% to 40%. The proportion of the mixesis listed in Table1. The densities of the constituent materials and fine aggregate sieve analysis arelisted in Table 2 and Table 3 .Each cylindrical specimen( 100×200 mm) was cast and cured; the specimen (30 mm in thickness) was taken from the middle part of the cylindrical specimen. Accelerated chloride migration test (ACMT) was developed to measure and obtain the concentration of cumulative chloride ions passing through the specimen under 24 voltages (Yang 2003, Yang and Liang 2009) . Before Accelerated chloride migration test (ACMT), the specimens were prepared and followed the specification in ASTM C1202-97. 
Results and discussion

Chloride migration coefficient
The chloride concentration was measured and determined from the solution in the anodic cell of ACMT, there were four stages which are non-steady state, transition period, steady state, and attenuate (Yang 2003) .The typical result of chloride concentration is plotted as a function of time in Fig. 1 . The steady state stage is obtained from the linear regression when the optimal correlation coefficient ( 2 1 R  ) of the linear line was determined by using trial and error method. For chloride ion penetration, the chloride migration rate ( k ) is calculated as (Yang and Liang 2009) 
where C is the chloride concentration (mole/L), k (chloride migration rate) is the slope of the chloride-time curve (mole/L×h 
where R is universal gas constant(
) E is applied voltage (V), V is the volume of solution in anodic cell (m 3 ), and A is the specimen surface exposed to chloride ions (m 2 ).In this study, using the chloride migration rate ( k , Eq. (1)) and Nernst-Planck's equation, the steady state migration coefficient ( s M , Eq. (2)) is obtained and applied to investigate and determine the relationship of migration coefficient with various volume fractions of fine aggregate (Andrade 1993 , Yang 2003 , Yang and Liang 2009 , all specimens are calculated and listed in Table 4 .
In this study, the average diameter of fine aggregate particles is assumed as spherical. The average diameter of fine aggregate is 1.557 mm (in Table 3 ). The average of steady state migration coefficient of cement paste obtained from experimental result as shown in Table 4 -8 (cm 2 /s) for series M35, M45 and M55, respectively. In order to compare the discrepancy of sand diameter and adding mineral admixture, a series of experimental results (SM30) were used as a reference (Cho 2002) , in which that specimens were made of ASTM Type I Portland cement, water and Ottawa sand (the average diameter was 350 m  ); water/binder ratio of specimen was 0.3 with 10% silica fume; and the volume fraction ofOttawa sand was designed from 0% to 40%.The specimens were cured in water (23°C) for 91days, and were followed the specification in ASTM C1202-97 and prepared to the accelerated chloride migration test (ACMT). The experimental result (SM30) (Cho 2002) indicated that the steadystate migration coefficient of cement paste, m M , is 2.32 × 10 -8 (cm 2 /s) for w/b ratio of 0.3 (see in Table  4 ).
As showing in Fig. 2 , the steady state migration coefficient of mortar is normalized by the migration coefficient of paste, and the normalized migration coefficient decreases with anincrease in volume fraction of fine aggregate. The slope of experimental result decreases with a decrease in w/c ratios, the mortarquality of SM30 is greater than M35, M45 and M55. Because SM30 has lower w/b ratio with 10% silica fume, the discontinued pores of cement particles were gradually filled with mineral admixtures and hydration products.
Effect of volume fraction of aggregate
Shah (2000) indicated that the influence of aggregate in the hydrated cement paste is dilution, tortuosity, ITZ, and percolation effects. For the dilution effect, in the ACMT, the route of chloride ions migration is blocked by aggregate (Yang 2003, Yang and Liang 2009) , the chloride migration coefficient of mortar, M ,can be expressed as (Shah 2000, Yang and Su 2002) 
where f V is volume fractions of fine aggregate, the aggregate is relatively impermeable to cement paste, the migration coefficient of fine aggregate ( a M ) is consider to assume zero. Therefore, Eq. (3) is expressed as Eq. (4)  
Moreover, for tortuosity effect, route of chloride ions migration is compelled to detour around the aggregate particles, so reduced the rate of chloride ions migration. By combining the tortuosity Fig. 3 Theoretical results of Migration coefficient of mortar with perfect bound Fig. 4 The relationship between the numerical simulations of Mori-Tanaka theorymodel with perfect bound and chloride migration coefficient of M35 effect with the dilution effect, the chloride migration coefficient of mortar can be expressed by the Bruggeman equation, as follows (Bruggeman 1935)  
By Mori-Tanaka theory, to calculate the overall average migration coefficient of two-phase composite materials, c M , is provided as follow (Mori and Tanaka 1973, Yang 1998)  
where a M is the migration coefficient of aggregate, S is the component 1111 S of the Eshelby tensor for a single inclusion. In the theoretical result of viewpoint, the migration coefficient of mortar is regarded as lower than migration coefficient of cement pastes if the bond between fine aggregate and cement paste is a perfect bound. Therefore, for the theoretical model with perfect bound, which indicate that the cement-based material is a two-phase composite material, and the a M is regarded as zero, the Eq. (6) is expressed as Eq. (7)    
In Table 5 and Fig. 3 , to predict theoretical results of mortar migration coefficient (M35, m M = 6.6 × 10 -8 cm 2 /s) with perfect bound, the chloride migration coefficient of mortar is plotted varied with increased the volume fraction of fine aggregate, and theoretical results of three curves are compared in Eqs. (4), (5) and (7).
For ability of resistible chloride ion penetration, the dilution and the tortuosity effects are positive. In the Fig. 3 , the Mori-Tanaka theory model with perfect bound (Eq. (7)) is close to the Bruggeman equation (Eq. (5)), it being the case that the Mori-Tanaka theory model with perfect bound is replaced as lower bound, then further step is applied to predict the numerical simulations of migration coefficient of mortar.
Relative to the ITZ and percolation effects, it is negative effects to resist penetration of chloride ion. In Fig. 4 
Equivalent migration coefficient in double-inclusion method
Mortar microstructure is delineated by an assemblage of three-phase composite materials, which is cement paste, ITZ and fine aggregate (Dridi 2013) . In this study, the equivalent of spherical shape was considered in a model, fine aggregate was regards as an inclusion, the ITZ was regards as another inclusion that a uniform layer around the aggregate (see in Fig. 5(a) ). In addition, these equivalents of spherical shape were not overlapped to be embedded in an infinite matrixrandomly (see in Fig. 5(b) ) (Yang 1998 ).
Young's modulus of concrete was deemed as resemblance to equation of chloride migration coefficient, for instance, E M  ( E is the Young's modulus of concrete), J   ( is the applied stress), and
(  is the induced strain) (Hobbs 1999 ). The models result in the following solutions for migration coefficient of mortar ( M ). Chloride migration that occurs in the cement paste matrix can be described by using the migration equation, as follows
Therefore, Young's modulus and double-inclusion method was applied to the same concept by chloride migration coefficient in this study. Matrix with infinite large body which has migration coefficient of cement paste ( m M ) is assumed contain two inclusions, one inclusion is the migration coefficient of fine aggregate ( a M ); another inclusion is migration coefficient of ITZ ( itz M ).When two-phase composite materials (aggregate and ITZ)were considered as similar concentric spheres but different radius, the equivalent migration coefficient of aggregate with ITZ, e M , is derived as (Nemat-Nasser and Hori 1993, Yang 1998) 
The aggregate is relatively impermeable to cement paste, the migration coefficient of fine aggregate ( a M ) is consider to assume zero. Therefore, Eqs. To predict the equivalent migration coefficient of aggregate with ITZ ( e M ), the doubleinclusion method (Nemat-Nasser and Hori 1993) is used.
Overall migration coefficient of cement-based materials
By Mori-Tanaka theory, three-phase composite materials of mortar microstructure is applied to estimate the overall migration coefficient of mortar, c M , it is provided as follow in Eq. (10) (Mori and Tanaka 1973, Yang 1998) .
In this study, there are two main stages to calculate the migration coefficient of three-phase composite materials. The first stage, the data of experimental chloride ion migration coefficient ( MM ratio is lower than double, which means that the quality of ITZ properties is almost equal to cement paste properties or better than cement paste properties. Table 7 is the assumed range of thickness of ITZ ( h ) and the numerical ITZ migration coefficient ( / itz m MM ). MM ratio is 2.16, 2.36~6.96, 2.11~7.46 and 2.25~8.28 for SM30, M35, M45 and M55, respectively. From the above discussions, it is conclusive characterizes to influence the chloride migrativity of mortar is the chloride migrativity of ITZ.
Conclusions
Degree of chloride penetration was a key parameter to predict the influence of individual components of the cement-based materials for mortar. Results are obtained from the experimental investigation and the following conclusions are offered:
(1) By Hori and Nemat-Nasser's double inclusion model and Mori-Tanaka theory, the thickness of ITZ ( h ) is assumed and migration coefficient of ITZ ( itz M ) could be predicted. 
